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Abstract
The emission of electromagnetic waves in the radiofrequency-microwave range has been observed in many experiments of laser-
plasma interaction. These ﬁelds can have very high intensity and estimated frequency band up to several gigahertz. The radiation
normally aﬀects the behaviour of most of the detectors, often up to hundreds of nanoseconds from the laser pulse, and can represent
a serious limitation for the time-of-ﬂight detection of fast particles, and in general for the safe operation of the electronic equipment.
In this work we describe the measurements of this electromagnetic pulse, under diﬀerent conditions of laser-plasma interaction.
c© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the ENEA Fusion Technical Unit.
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1. Introduction
Transient electromagnetic pulses (EMPs) in the radiofrequency-microwave range have been reported in several
laboratories during experiments of laser-plasma interaction, in diﬀerent regimes of laser intensity and pulse duration
(Pearlman and Dahbacka (1978); Mead et al. (2004); Remo et al. (2007); Eder et al. (2009); Kabashin et al. (1998);
Raimbourg (2004); Nakajima et al. (2009); Miragliotta et al. (2011); Kugland et al. (2012) and references therein).
Their generation is commonly attributed to radiation by laser-driven currents within the plasma and, at higher in-
tensities, to high energy electrons, leaving the target and hitting either the chamber internal surface or other elements
within it (Kugland et al. (2012)). These EMPs can have very high intensity and estimated frequency band up to several
gigahertz. They can aﬀect the behaviour of most of the detectors, even up to hundreds of nanoseconds from the laser
pulse. This can represent a serious limitation for the time-of-ﬂight detection of fast particles, and in general for the
safe operation of the electronic equipment.
In this work, we report about the measurement of EMPs in the ABC nanosecond laser facility (Inertial fusion -
Report ENEA (1994); Strangio and Caruso (1998)), and describe the analysis of the results for diﬀerent laser-plasma
regimes and targets. To the author’s knowledge, there are very few reported works (Kabashin et al. (1998); Raimbourg
(2004); Nakajima et al. (2009); Miragliotta et al. (2011)) on measurements of EMPs produced by long-pulse lasers.
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Experiments were performed with a Nd:phosphate-glass laser, consisting of two beams which can be focused on
targets from opposite sides, for a maximum energy of 100 J/beam at the fundamental 1.054 μm wavelength. Laser
pulses have tunable FWHM duration, for typical 2-3 ns values. F/1 aspheric lenses can lead to focal spots up to 40
μm diameter, for ∼1015 W/cm2 maximum laser power density.
2. Measurement setup
Two types of antenna were used as ﬁeld probes: a microstrip superwideband (SWB) asymmetrical dipole, and a
wideband monopole (WM), which are shown in Fig.1 (Consoli et al. (2013); Barbarino and Consoli (2010); SPE-
Taoglas (2009)). The SWB antenna (Barbarino and Consoli (2010)) has a very wide continuous band, from 0.8 to 18
GHz, and a broad radiation pattern, which is dipolar-like for low frequencies. The WM antenna is the commercial
a b
Fig. 1. Pictures of the two sides of the SWB antenna (Barbarino and Consoli (2010)) (a) and of the WM antenna (SPE-Taoglas (2009)) (b).
Taoglas GA107 multiband monopole antenna (SPE-Taoglas (2009)). Both types of antenna have optimized matched
bandwidth for frequencies higher than 0.8 GHz. Thus, their overall gain is much reduced for lower frequencies (Bar-
barino and Consoli (2010); SPE-Taoglas (2009)), and this is particularly useful in the present case. In fact, preliminary
measurements have shown that EMPs produced in our experiments have high-energy components up to some hun-
dred megahertz. The use of such antennas reduces the intensity of the lower harmonics of the detected signals, while
keeping high sensitivity for those at higher frequencies. This improves the EMP spectral description, and reduces the
possible damaging of the 6 GHz Tektronix TDS6604 oscilloscope used for the signal real-time detection. Suitable
attenuators were anyway used to further protect it. The oscilloscope was set at 100 ps time resolution and 10μs time
window. Its vertical scale (sampled with 8 bits) was tailored for each reported shot, so that the signal covered around
50 − 75% of the axis. Fig.2 shows the WM and SWB antennas within the chamber (Antenna 1 and Antenna 2, re-
spectively), in positions protected from X-rays and direct particle radiation coming from the laser-plasma interaction,
which could induce a signal when interacting with them. Another WB antenna was placed outside the chamber (An-
Fig. 2. SWB and WM antennas within the chamber and WM antenna outside, in front of one of the quartz windows of the chamber.
tenna 3), just in front of one of its quartz windows. It is useful to monitor the EMP produced by the laser and the
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diagnostic apparatuses, as well as to understand which part of the EMP produced inside the chamber is coupled to the
outside.
3. Characterization of the detected signals
Purpose of this work has been the broad and accurate characterization of the detected signals, performed both in
the time and in the frequency domain.
3.1. Time-domain characterization
In order to study the transient behaviour of the signals, we estimated their amplitude envelope (AE). From a real
signal x(t), the related complex analytic signal (Boashash (2003)) is given by xa(t) = x(t) + iH(x)(t) = R(t) eiφ(t), with
R(t) and φ(t) modulus and phase, where
H(x)(t) =
1
π
p.v.
∫ +∞
−∞
x(τ)
t − τdτ, (1)
is theHilbert Transform of x(t), and p.v. stands for the Cauchy principal value of the integral. For a classical sinusoidal
carrier modulated in amplitude, R(t) is equal to the modulating signal, so to AE. This is not strictly true in general, but
we found that in the present case R(t) is able to supply a good description of the AE of the detected signals, as shown
in the following sections.
3.2. Modal expansion of an electromagnetic ﬁeld in a cavity
The eigenvector expansion of the electromagnetic (EM) ﬁeld inside a cavity can be expressed as (Conciauro et al.
(2000)):
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where Ei and Hi are the solenoidal electric and magnetic eigenvectors, E 0i and H
0
i the harmonic electric and magnetic
eigenvectors (associated to M separate boundary parts and to a P-times connected volume, respectively); si and gi
are the irrotational electric and magnetic eigenvectors. Solenoidal terms are predominant for frequencies f ∼ fi =
ki/
(
2π
√
μ
)
, where ki is the eigenvalue associated to the ith solenoidal eigenvector (being  and μ the electric and
magnetic permittivity of the medium within the cavity), because the Ai and Ci coeﬃcients become very large (ideally
inﬁnite).
For an EMP radiation with short time-duration and broadband spectrum, we therefore expect that the cavity will
act as a microwave ﬁlter. Resonating solenoidal modes excited within this band will keep their own oscillations
persistent for a characteristic decay time associated to their quality factor Qi, while other harmonic components will
decay very fast. In particular, for an ideal Dirac δ function excitation of the cavity at the t0 time, it is known (Slater
(1950)) that a decay ∼ exp [− (t − t0) /τi] is expected for AE, where τi = Qi/ (π fi). However, long time-duration
EMP signals, detectable by RF-microwave measurement apparatuses, might also be due to long time-duration sources
of electromagnetic ﬁeld placed within the chamber, having a frequency content which does not allow to excite the
resonance modes. In this case their ﬁeld would be represented by the expansion of harmonic and irrotational vectors
of equation 2.
3.2.1. Hollow spherical cavity
To have a better understanding of the electromagnetic ﬁeld distribution within the chamber, we considered its 0th-
order analytical model as a hollow spherical cavity having a = 750 mm radius. We determined the eigenvalues and the
associated resonance frequencies for both TM and TE modes. The ﬁrst ﬁve modes, ordered by resonance frequency,
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Fig. 3. COMSOL 3D electromagnetic simulations of a cavity with four conducting cylinders inserted and connected to it. (a) Cavity scheme; E
ﬁeld distribution for the mode with resonance frequency: (b) 480.3 MHz; (c) 108.6 MHz; (d) 175.7 MHz.
are: TMm11 → 174.5 MHz; TMm21 → 246.2 MHz; TEm11 → 285.9 MHz; TMm31 → 316.4 MHz; TEm21 → 366.7
MHz.
3.2.2. Real chamber
Within the real chamber there are many objects, which can remarkably change the modal distribution. To analyze
this situation we performed a set of 3D electromagnetic simulations by means of COMSOL numerical solver, where
several objects were randomly placed within the cavity. This is illustrated for the case when four conducting cylinders
of 75 mm diameter were inserted in the spherical chamber and electrically connected to it (see Fig.3a). Their upper
base is 37.5 mm lower than the equatorial plane of the sphere; they are parallel and symmetrical to the vertical axis
and distant from it of 375 mm. With respect to the hollow spherical cavity we observed:
A) as expected, the creation of some localized modes at higher frequencies, due to the reduced mutual distance
(Fig.3b);
B) modal ﬁelds spread in the whole cavity, produced by general multiple reﬂections of the generated EMP, with
lower associated resonance frequencies. This is shown in Fig.3c for the ﬁrst mode of this structure, having a
frequency much lower than the 174.5 MHz of the ﬁrst mode (TMm11) of the hollow cavity.
C) possible ﬁeld conﬁgurations and resonance frequencies very similar to the hollow cavity case (Conciauro et al.
(2000)). This is clearly shown in Fig.3d, for a mode analogous to the TMm11 of the hollow cavity.
On the surface of the real chamber there are many quartz windows for optical diagnostics and teﬂon windows for
the cable feedthroughs. They can cause electromagnetic leakage from the chamber. In particular, waves at enough
low wavelength are allowed to pass through the quartz windows. By roughly modeling a window with ∼ 200 mm
diameter as a short circular waveguide, we could estimate cutoﬀ ∼ 400 MHz. But the presence of objects in the
near-ﬁeld region of the window might lead to signiﬁcative outside coupling also at lower frequencies. Moreover, a
current can be induced on the outside conductor of the cables, and be a direct source of EM waves when coming out
the chamber by the feedthroughs. For this reason possible modal ﬁelds within the chamber are supposed to have low
Q values.
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Table 1. Shot data. For each laser the energy [J] and power density at focus are given [W/cm2]; for each antenna the maximum of the absolute
value [V] and the energy [J] are supplied.
# Laser A Laser B Antenna 1 Antenna 2 Antenna 3
[J] [W/cm2] [J] [W/cm2] Max [V] [J] Max [V] [J] Max [V] [J]
650 76 1.3e15 62 1.1e15 78.5 6.1e-7 256.1 6.3e-6 16.3 3.3e-8
1366 - - 31.7 4.2e12 1.51 1.1e-10 2.61 5.7e-10 0.12 4.6e-12
1380 - - 30.4 4.1e12 1.06 1.9e-10 4.88 2.3e-9 0.19 9.3e-12
4. Experimental results and discussion
In Table 1 data for three shots are supplied. The maximum of the absolute value of the detected signals is given,
and also the signal energy, by integrating the received instantaneous power over the time duration. For each shot the
target was: #650 - 140 μm of CH2 doped with B; #1366 - 670 μm of 20 mg/cm3 Agar-Agar foam on Al substrate;
#1380 - step of two 10 μm layers of Al. Fig.4 shows the acquired signals for the three shots. The starting time of each
signal is slightly diﬀerent because of the diﬀerent cable lengths. The AE = R(t) and the single-sided amplitude of the
Fourier spectra are also supplied. The vertical dotted lines in these spectra represent the resonance frequencies for the
modes of the hollow cavity, whose ﬁrst ﬁve values were given in Section 3.2.1, and that can be useful for a 0th-order
reference.
4.1. General considerations on signals
From Table 1 and Fig.4 it appears that the laser intensity has a nonlinear dependence on all the detected signals:
they grow rapidly while approaching the 1015 W/cm2 value. Future experiments will repeat the #650 with just one
laser.
The comparison of shots #1366 and #1380, with similar laser conditions but diﬀerent targets, shows signiﬁcant
diﬀerences on detected signals (∼2 increase in energy for Antenna 1 and 3, and ∼4 for Antenna 2), which would
suggest an EMP dependance on target properties, such as conductivity, homogeneity (foams are structured materials),
density, thickness. Time and frequency domain analysis show anyway rather similar results for both the two shots.
The frequency spectra in Fig.4 are plotted up to 1.5 GHz. No remarkable detection of components with higher
frequency was achieved, even though the antennas used for these measurements were chosen to attenuate the detection
of harmonics with frequency lower than 0.8 GHz, and to enhance those at higher frequencies, up to many GHz. This
might be caused by the attenuation at high frequencies due to long cables (tens of meters) connecting the antennas
with the oscilloscope.
4.2. Antenna 1 and 2
Signals of the two antennas inside the chamber show similar time duration. The spectral analysis gives, for Antenna
2, a large amplitude component at ∼130 MHz for shot #650, which is shifted to ∼117 MHz for shots #1366 and #1380
(see Fig.4). This small shift could be due to the changes in the internal conﬁguration of the chamber between the two
shot series. These peaks were also detected by Antenna 1. For #650 Antenna 1 reveals ∼410 MHz and ∼470 MHz
main components which have no remarkable conﬁrmation for Antenna 2. For #1366 and #1380 Antenna 1 detects
∼230 MHz component and a broad 400 MHz one, but a good conﬁrmation is given by Antenna 2 only for the ﬁrst.
The 117 − 130 MHz component has frequency lower than the fm11 of the ﬁrst mode of the hollow cavity. Together
with the 230 MHz one, they are detected by both Antenna 1 and 2. Their presence could be reasonably explained by
the B) case of section 3.2.2. The A) case could be applied to all the previous components around 400 MHz. In a few
cases, correspondences of some measured peaks with resonances of the hollow spherical cavity are noted, and could
be related to the C) case.
The ∼10 MHz component, detected for both antennas on the #1366 and #1380, deserves some special attention.
It is known that antenna signals should have a high-pass behaviour (Balanis (2005)), depending on the antenna type.
Very low frequency components could be due to true detected low frequency EM radiation (which could not coincide
with resonant modes, as described in section 3.2.1), or to currents induced because of the interaction of X-rays or
particles with the antennas. This is clearly the case when signals have a non-zero average. For this reason Antenna 1
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Fig. 4. Measurements for the shot #650 (left column: a, c, e) and the shots #1366 and #1380 (right one: b, d, f). The ﬁrst row shows the detected
signals for all the three antennas (a, b); the second (c, d) and third (e, f) are the related amplitude envelope and modulus of the single-sided Fourier
spectrum. The vertical dotted lines are the ﬁrst ﬁfteen resonance frequencies for the modes of the hollow cavity, whose ﬁrst ﬁve values were given
in Section 3.2.1.
and 2 were very well shielded against direct radiation coming from the target, but there was still the possibility that
some backscattered particles, or electrons produced by secondary emission (i.e from cavity walls), could reach them
and generate currents.
The AEs in Fig.4 have some oscillating behaviour, and exhibit a fast rise time (∼1 ns for #650) and an average
fall time of a few tens of ns for antennas inside the chamber. If we ﬁt the falling part of these AEs with the function
exp [− (t − t0) /τi], for fi = 117 MHz we get (as explained in section 3.2) Qi ∼ 10, which can be reasonable for this
chamber structure.
4.3. External antenna (Antenna 3)
Time duration of signal for Antenna 3 is much longer than those for Antenna 1 and 2. The AE has a fall time
of hundreds of ns, up to a few μs for the #1366 and #1380 shots. This should be due to the contribution of the
electromagnetic waves generated by the experimental apparatuses. We can think of this signal as consisting of two
components. One with shorter time duration, showing larger amplitude for higher laser intensity, and another with
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smaller amplitude and longer time scale. Because of the oscilloscope ﬁnite dynamic range, it is possible to appreciate
this long-duration and low-amplitude component only in the #1366 and #1380.
The general low correspondence between spectra of signals inside and outside the chamber, apart from some
localized and low amplitude frequency components, should indicate small coupling of the internal ﬁelds to the outside
through the quartz windows, and their small possible transmission by the feedthroughs.
5. Conclusion
The description of the measurements performed in the ABC nanosecond laser facility has been reported, together
with time-domain and frequency domain considerations. The 0th-order analytical model of the experimental chamber
as a hollow spherical cavity, and the 3D electromagnetic simulations for the cavity ﬁlled with several conductive
objects, have been useful for the result discussion. Dependance on laser focused power density and on target properties
is observed.
More experiments are needed to understand if signals detected represent truly resonant modes, and to investigate in
general the nature of the EMP ﬁelds. Much care has to be given to ﬁelds present outside the chamber, due to leakage
through the windows on the walls, and to possible currents, induced by the EMP inside the chamber, ﬂowing outside
along the external conductor of the cables connected to the feedthroughs.
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